The Meccano (or Lego) set approach to synthetic protein design envisages covalent assembly of prefabricated units of peptide secondary structure. Stereochemical control over peptide folding is achieved by incorporation of conformationally constrained residues like ␣-aminoisobutyric acid (Aib) or DPro that nucleate helical and ␤-hairpin structures, respectively. The generation of a synthetic sequence containing both a helix and a hairpin is achieved in the peptide BH17, Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-Gly-Gly-LeuPhe-Val-DPro-Gly-Leu-Phe-Val-OMe (where Boc is t-butoxycarbonyl), as demonstrated by a crystal structure determination. The achiral -Gly-Gly-linker permits helix termination as a Schellman motif and extension to the strand segment of the hairpin. Structure parameters for C89H143N17O20⅐2H2O are space group P21, a ‫؍‬ 14.935 ( S everal approaches to de novo protein design envisioning successful construction of protein-like structural motifs have been investigated over the past 2 decades (1). The Meccano (or Lego) set approach to synthetic protein design is based on the covalent assembly of prefabricated modules of peptide secondary structures (2, 3). Stereochemical control over peptide folding may be achieved by incorporation of conformationally constrained residues, like ␣-aminoisobutyric acid (Aib) or DPro, that nucleate helical and ␤-hairpin structures, respectively (4). Nucleation of appropriate local conformations, together with the cooperative formation of several intramolecular hydrogen bonds in secondary structures, favors the population of stereochemically ordered segments in solvents that compete poorly for hydrogen bonding. The construction of helical segments of varying length has been achieved by using Aib residues for helix stabilization. Conformational characterization of peptide helices containing Aib has been documented extensively in a large number of single crystal x-ray diffraction studies (5-9). The use of DPro-Xxx segments to nucleate ␤-hairpin conformations is of more recent origin (10-13). ␤-Hairpins have been well characterized in solutions by using NMR spectroscopy, and the formation of three-and four-stranded ␤-sheets has been demonstrated in solution by incorporating multiple DPro-Xxx segments (14-18). Designed octapeptide ␤-hairpin modules Boc-L-V-V-DP-G-L-V-V-OMe (where Boc represents t-butoxycarbonyl and DP represents DPro; ref. 19) and Boc-L-V-V-DP-A-L-V-V-OMe (I.L.K., P.B., and S. K. Awasthi, unpublished work) have been characterized in the crystalline state. The availability of peptide building blocks that adopt helical and ␤-hairpin conformations has enabled the construction of a synthetic 17-residue sequence,
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where U represents Aib), that contains both elements of secondary structures linked together by a Gly-Gly segment (residues 8 and 9). The positioning of the achiral Gly residue at position 8 facilitates termination of the potential helical segment (residues 1-7) by formation of a Schellman motif (20) (21) (22) (23) . Gly-9 is anticipated to be the sole conformationally flexible linking residue. We describe the structure of BH17 in crystals, establishing an approximately orthogonal arrangement of the two elements of secondary structures, as shown in Fig. 1 a and b .
Experimental Methods
The 17-residue peptide BH17 was synthesized by conventional solution phase procedures by using a fragment condensation strategy. Boc and methylester groups are used for N-and C-terminal protection. Peptide couplings were mediated by N,NЈ-dicyclohexylcarbodiimide and 1-hydroxybenzotriazole. The N-terminal fragment (residues 1-7) and the C-terminal fragment (residues 8-17) were synthesized independently, followed by final extension to the target sequence. The peptide was purified by medium pressure liquid chromatography on a reverse phase C 18 (10-to 60-m) column followed by HPLC on a C 18 (5-to 10-m) column with methanol-water gradients.
Crystals of BH17 were obtained by slow evaporation from methanol containing a small amount of water. The crystals were very thin and fragile. Initially, x-ray diffraction data were collected at Ϫ50°C from a crystal that was covered with microscope immersion oil immediately after removal from the mother liquor. The check reflections wandered in value during the data collection, and the number of data with observable intensity was somewhat limited. No structure solution was obtained. After 3 weeks of exposure to air, the same crystal yielded quite satisfactory data to a higher resolution. The x-ray data were measured at Ϫ60°C on a four-circle diffractometer (Broker P4, Madison, WI) with CuK ␣ radiation ( ϭ 1.54178 Å). The ͞2 scan mode was used with a 2.0°ϩ 2(␣ 1 Ϫ ␣ 2 ) scan width, 15°͞min scan speed, and 2 max ϭ 105°(0. 
Results and Discussion
Inspection of the backbone torsion angles in Table 1 indicates that residues 3-7 form about one and a half turns of a helix. As anticipated, Gly-8 adopts a left-handed helical (␣ L ) conformation, resulting in the formation of a Schellman motif, which is characterized by a 6 3 1 hydrogen bond between Gly-9 NH and Aib-4 CO groups. Such a structural feature is a common mode of helix termination in proteins with Gly or Asn residues adopting the left-handed, helix-terminating conformation (20, 27, 28) . Gly-9 is extended, allowing the polypeptide chain to progress comfortably into the N-terminal arm of the ␤-hairpin. Residues 10-17 form a classical ␤-hairpin nucleated by a type IIЈ ␤-turn at the DPro-13-Gly-14 segment (19) . The ␤-hairpin segment has nearly ideal intrastrand hydrogen bonds as shown in Table 2 . A striking feature of the peptide in crystals is the partially unfolded N-terminal helix, with Val-1 and Ala-2 adopting extended (␤) and semiextended conformations, respectively. Indeed, the heptapeptide module (residues 1-7) has been characterized as a helix in a large number of peptide crystal structures (29) . However, in solution, this helix has been shown to be relatively fragile (30) . Interestingly, in the present crystal structure, partial unfolding at the N terminus facilitates the formation of important intermolecular contacts.
There are several distinct features that characterize the assembly of these molecules in the crystal. One characteristic feature is the head-to-tail hydrogen bonding between the helical segments of adjacent molecules (N4⅐⅐⅐O7), even although the helical segments are not free-standing but are in the interior of the sequence (Fig. 2) . The stacking of the helical segments simulates an infinite helix with a sinusoidal helix axis.
The two strands of the ␤-hairpin do not form an expected extended ␤-sheet by lateral intermolecular hydrogen bonding. N14 in the turn region of the ␤-hairpin forms a hydrogen bond with O6 in the helical portion of an adjacent molecule. The process is repeated by translation and forms an extended chain (Fig. 3) . One arm of the ␤-hairpin is roughly antiparallel to the N-terminal extension of an adjacent molecule, as shown in Fig.  4 , and a pair of hydrogen bonds are formed between the two structural elements (N1⅐⅐⅐O11a and N11a⅐⅐⅐O1). In this region, there is a limited extended ␤-sheet. Curiously, the other arm of the ␤-hairpin does not participate in any external hydrogen bonding. There is no acceptor for the N16H group. Atoms O14, O16, and N16H are directed into a hydrophobic pocket formed by methyl groups on the side chains of the helix and on the terminal methoxy group of several adjacent molecules. The closest approach is 3.35 Å between O16 and C3D2 of Leu-3.
Two water molecules, W1 and W2, occupy a polar pocket along the extended N terminus on the other side from the ␤-hairpin (Fig. 4) . W1 forms hydrogen bonds with N2 and W2, whereas W2 forms additional hydrogen bonds to O0 and O5 (in a symmetry-related molecule).
Conclusions
The crystal structure of the peptide BH17 validates the assumption that the structural domains within the molecule are indeed independent, suggesting that a modular assembly strategy may be viable for the construction of larger synthetic structures.
